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O B J E C T I V E S The aims of this study were to evaluate hyperenhanced regions on contrast-
enhanced cardiovascular magnetic resonance (CE-CMR) imaging in patients with acute myocardial
infarction (AMI) between early contrast-enhanced cardiovascular magnetic resonance (ECE) (2 min) and
late contrast-enhanced cardiovascular magnetic resonance (LCE) (10 to 15 min) after gadolinium
administration, and to compare the CE-CMR images with area at risk (AAR) derived from T2-weighted
(T2W) CMR.
B A C KG ROUND Although CE-CMR imaging can demarcate the infarcted myocardium, the value of
hyperenhancement in AMI is still in dispute. The size of hyperenhanced regions may vary with time, and
overestimation can be often observed with early acquisition.
METHOD S Thirty-four patients with successfully reperfused AMI underwent CMR within 4 days after
the event. Myocardial regions as percentage of left ventricular (LV) myocardium were quantiﬁed on CE
and T2W images. Relative peri-infarct zone was calculated as the difference in hyperenhanced regions
between ECE and LCE, normalized to the individual infarct size.
R E S U L T S Both ECE and LCE images revealed hyperenhancement in the territory of the infarct-
related artery in all patients. The hyperenhanced region on ECE extended transmurally and was
consistently larger than that on LCE (39  12% vs. 27  12% of LV myocardium, p  0.001). The relative
peri-infarct zone was inversely correlated with the transmurality of infarction (r  0.59, p  0.001) and
the time from symptom to reperfusion (r  0.46, p  0.01). The hyperenhanced region on ECE was
correlated with the T2W CMR-derived AAR (r  0.86, p  0.001) with the average difference of 0.8%
and the limits of agreement of 11.9%.
CONC L U S I O N S ECE depicts ischemically injured but salvaged myocardium, as well as infarcted
myocardium in patients with AMI. The myocardium at risk and infarcted myocardium after reperfusion
can be retrospectively assessed by the combination of ECE and LCE. (J Am Coll Cardiol Img 2011;4:
610–8) © 2011 by the American College of Cardiology Foundation
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611n the setting of acute myocardial infarction
(AMI), the identification of viable or nonviable
myocardium is important for patient management.
Contrast-enhanced (CE) cardiac magnetic reso-
ance (CMR) imaging has been well established for
isualizing both acute and chronic myocardial in-
arction (1,2). The mechanism for myocardial tissue
nhancement with a gadolinium-based contrast
gent is related to an altered sarcolemmal mem-
rane integrity in the acute setting (3). However,
he value of hyperenhancement early after injury
emains to be completely elucidated because of a
omplex healing process.
See page 619
Hyperenhanced regions in AMI are independent
of post-contrast imaging time between 5 and 40
min when the inversion time (TI) is adjusted (4),
and myocardial injury without necrosis due to
transient ischemia does not lead to hyperenhance-
ment despite the presence of myocardial stunning
(5). On the other hand, several reports have indi-
cated that the enhanced region encompasses not
only the nonviable myocardium, but also the revers-
ibly injured myocardium (6–9). The size of hyperen-
hanced regions may vary with time after gadolinium
injection, and overestimation can be particularly ob-
served with early acquisition (10,11). Therefore, the
hyperenhanced regions early after gadolinium admin-
istration in the setting of AMI could include salvaged
myocardium.
Thus far, CE images obtained early after contrast
administration using the current standard technique
have not, to our knowledge, been studied. We
hypothesized that early CE imaging demarcates the
area at risk (AAR) in patients with AMI. In this
study, CE imaging within 4 days after the event was
conducted at 2 min (early contrast-enhanced car-
diac magnetic resonance [ECE]) and 10 to 15 min
(late contrast-enhanced cardiac magnetic resonance
[LCE]) after gadolinium administration. The aims
of this study were to evaluate the hyperenhanced
regions between 2 sets of CE images in patients
with reperfused AMI, and to compare the ECE
images with AAR derived from T2-weighted
(T2W) CMR images (12–14).
M E T H O D S
The study protocol was approved by the local ethics
committee, and written informed consent was ob-
tained from all patients before the examination. fStudy patients. Our prospective study enrolled 34
consecutive patients who experienced their first
AMI with total or subtotal coronary artery occlu-
sion and subsequently underwent primary percuta-
neous coronary intervention within 2 days after the
onset of symptoms. Percutaneous coronary inter-
vention was performed immediately after hospital
admission in all patients. The CMR study was
carried out within 4 days after the onset of symp-
toms. The diagnosis of AMI was based on clinical
history of persistent typical chest pain, characteristic
electrocardiographic changes, and rise of cardiac
biomarkers. Exclusion criteria included primary
myocardial disease, unstable hemodynamic state,
inability to hold a breath during scanning, severe
arrhythmia, or any contraindications for CE-CMR
examination.
CMR imaging protocol. Imaging was per-
ormed on a 1.5-T scanner (MAGNETOM
vanto, Siemens Healthcare, Erlangen,
ermany) with a 12-channel phased-array
oil, electrocardiogram gating, and breath-
olding condition. Images were acquired in
standard short-axis slices (basal, midven-
ricular, and apical), which were kept iden-
ical for each sequence throughout the
MR examination (14).
For AAR determination, a T2W triple
nversion recovery turbo spin echo se-
uence was employed with the following
arameters: repetition time/echo time, 2
eartbeats/64 ms; TI, 140 ms; echo-train
ength, 17; GRAPPA factor, 2; and typi-
al spatial resolution, 1.9  1.3  15 mm.
bolus of 0.15 mmol/kg gadolinium-
ased contrast agent (meglumine gadoter-
te; Magnescope, Guerbet, Villepinte, France) was
dministered with a mechanical injector at 4 ml/s,
ollowed by a 25-ml saline flush. ECE and LCE
mages were acquired 2 min and 10 to 15 min after
adolinium administration, respectively. CE imag-
ng was performed using a segmented inversion-
ecovery gradient-echo sequence with the following
arameters: repetition time/echo time, 7.1 ms/3.3
s; flip angle, 25°; TI determined to null normal
yocardium, GRAPPA factor, 2; and typical spa-
ial resolution, 2.0 1.4 15 mm. Just before each
E imaging, a segmented inversion recovery
teady-state free-precession pulse sequence (TI
cout) acquisition was performed to determine the
ptimal TI.
Image analysis. Offline image analysis was per-
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6122 experienced observers (H.M. and T.M.), who
were blinded regarding the patients’ clinical data.
Endocardial and epicardial contours were traced
manually. Once the myocardial contours were iden-
tified, myocardial regions were delineated manually
for CE and T2W images. Regions with a hypoin-
tense signal within the area with increased signal
intensity on T2W images and hypoenhanced re-
gions within hyperenhanced myocardium on CE
images were included in the myocardial region.
Myocardial regions were expressed as a percentage
of total left ventricular (LV) volumes. The relative
peri-infarct zone was calculated as the difference in
hyperenhanced regions between ECE and LCE,
normalized to the individual infarct size. Using a
17-segment model (except for segment 17) (15), the
transmural extent of hyperenhancement was visu-
ally assessed with a 5-point scale (0, no hyperen-
hancement; 1, 1% to 25%; 2, 26% to 50%; 3, 51% to
75%; 4, 76% to 100%) (1). The mean transmurality
score was calculated as the sum of all segmental
scores divided by the number of segments with
hyperenhancement.
In 1 representative short-axis slice in which the
peri-infarct zone on ECE was greatest, quantita-
tive analysis was performed. In CE images, re-
gions of interest (20 mm2) were placed within
the peri-infarct zone and the remote myocardium
to measure the mean signal intensity. The stan-
dard deviation of background noise () was also
easured outside the body. The region of interest
n each region was placed in approximately the
ame location and size in T2W images as well.
ignal-to-noise ratio and contrast-to-noise ratio
ere calculated as the following equations:
ignal-to-noise ratio  mean signal intensity of
eri-infarct/; contrast-to-noise ratio  (mean
ignal intensity of peri-infarct  mean signal
ntensity of remote)/, respectively. However,
signal-to-noise ratio and contrast-to-noise ratio
should be considered only as approximations in
the setting of parallel imaging. Seven patients
were excluded from quantitative analysis because
the peri-infarct zone was so small that regions of
interest could not be placed.
Statistical analysis. Statistical analysis was per-
ormed with PASW Statistics 18 (SPSS Inc., Chi-
ago, Illinois). Quantitative variables were ex-
ressed as mean  SD or median (25th, 75th
ercentile), depending on distribution. Categorical
ariables were expressed as frequencies or percent-
ges. Comparisons of quantitative variables were
one with a paired t test or Wilcoxon signed rankest. Mann-Whitney U test was used for comparing
elative peri-infarct zone between the groups of
ubjects. Correlation between the T2W CMR-
erived AAR and the hyperenhanced region on
CE was assessed with the use of Pearson correla-
ion coefficient. Other correlations between contin-
ous variables were assessed using Spearman rank
orrelation coefficient. The agreement between the
2W CMR-derived AAR and the hyperenhanced
egion on ECE was examined using Bland-Altman
nalysis. A p value 0.05 was considered a statis-
ically significant difference.
R E S U L T S
Patient characteristics and clinical results. Patient
characteristics are shown in Table 1. Primary PCI
was successfully performed in all the patients.
Stents were implanted in 32 patients (94%), and
thrombolysis was not performed. There were no
clinical events suggesting reocclusion or stenosis in
the period between reperfusion therapy and CMR
examination.
Visual segmental analysis of hyperenhancement. In
ll patients, the hyperenhanced regions were ob-
erved in the territory of the infarct-related artery
n both ECE and LCE images. Table 2 sums up
he comparison of the transmural extent between
CE and LCE on a regional basis. Of the 544
egments, 201 on ECE and 190 on LCE had
yperenhancement. The hyperenhancement on
CE was transmural in most of the involved
egments. Fifteen segments with hyperenhance-
ent on ECE had none on LCE. Although 4
egments with hyperenhancement on LCE were
ssigned to grade 0 on ECE, this difference was
Table 1. Patient Characteristics (n  34)
Age, yrs 67 10
Male/female 22/12
Time from symptom onset to reperfusion, h 3.9 (2.7, 8.5)
Time from symptom onset to CMR, h 62.3 20.5
Time from reperfusion to CMR, h 52.4 19.3
ST-segment elevation myocardial infarction 31 (91)
Angiographic data
Culprit location (LAD/LCX/RCA) 15/7/12
Number of diseased vessels (1/2/3) 25/6/2
TIMI grade before reperfusion (0/1/2/3) 16/5/10/3
TIMI grade after reperfusion (0/1/2/3) 0/0/7/27
Collateral grade (0/1/2/3) 7/17/9/1
Values are expressed as n, mean SD, n (%), or median (25th, 75th
percentile).
CMR  cardiac magnetic resonance; LAD  left anterior descending
coronary artery; LCX  left circumﬂex coronary artery; RCA  right coronary
artery; TIMI  Thrombolysis In Myocardial Infarction.
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613due to a different assignment of the 17-segment
model. Of the 190 segments with hyperenhance-
ment on LCE, 96 (51%) had comparable and 89
(47%) had greater transmural extent of hyperen-
hancement on ECE. The mean transmurality
score of ECE was significantly greater than that
of LCE (transmurality score: 3.9 [3.7, 4.0] vs. 3.2
[2.8, 3.8], p  0.001).
Peri-infarct zone on ECE. The hyperenhanced region
n ECE was consistently larger than that on LCE
Fig. 1) and exceeded by 12  10% (39  12% vs.
7  12% of LV myocardium, p  0.001). The
elative peri-infarct zone normalized to infarct size
n ECE was 37% (19%, 72%). As shown in Figure 2,
he relative peri-infarct zone was correlated in-
ersely with the mean transmurality score on
CE (r  0.59, p  0.001). This finding
ndicated that subendocardial infarcts revealed a
arger peri-infarct zone on ECE compared with
ransmural infarcts. Representative images are
hown in Figure 3.
An inverse relationship was found between the
elative peri-infarct zone and the time from symp-
om to reperfusion (r  0.46, p  0.01). When
eparating the subjects into 2 subgroups based upon
he median time from symptom to reperfusion (3.9
), the group with early reperfusion had larger
elative peri-infarction zone than the group with
ate reperfusion (57% [27%, 140%] vs. 27% [11%,
2%], p  0.05). No significant relationship was
ound between the relative peri-infarct zone and the
ime from reperfusion to CMR (r  0.08, p 
.67). The subjects with Thrombolysis In Myocar-
ial Infarction (TIMI) flow grade 3 after reperfu-
ion tended to have a larger relative peri-infarct
one in comparison with those with TIMI flow
rade2 (37% [22%, 76%] vs. 20% [4%, 43%], p
.09). There was no significant difference in relative
eri-infarction zone between groups with or with-
ut good collaterals (grade 2) (42% [14%, 106%]
s. 35% [21%, 64%], p  0.65).
Hyperenhancement on ECE versus T2W CMR-derived
AAR. In all patients, the location of increased signal
ntensity areas in T2W images corresponded to the
erritory of infarct-related artery. The T2W CMR-
erived AAR ranged from 16% to 58% of LV
yocardium (mean, 38%  10%) and was signifi-
antly larger than the hyperenhanced region on
CE (p  0.001). Meanwhile, there was a signif-
cant correlation between the T2W CMR-derived
AR and the hyperenhanced region on ECE (r 
.86, p  0.001) (Fig. 4A). Figure 4B shows the
esults of Bland-Altman analysis of the differenceetween the T2W CMR-derived AAR and the hy-
erenhanced region on ECE. The average difference
bias) was 0.8% of LV myocardium, and the limits
f agreement were 12.8% and 11.1% of LV
yocardium.
In the peri-infarct zone, the contrast-to-noise
atio on ECE was not significantly different from
2W CMR (19 [16, 26] vs. 15 [7, 22], p  0.06),
whereas the signal-to-noise ratio on ECE was
significantly lower than on T2W CMR (25 [20, 31]
vs. 65 [54, 84], p  0.001). The difference in the
signal-to-noise ratio could be related to the inher-
Figure 1. Hyperenhanced Region on ECE and LCE
Hyperenhanced region as percentage of left ventricular (LV) myoca
early contrast-enhanced cardiac magnetic resonance imaging (ECE)
sistently greater than that on late contrast-enhanced cardiac magn
nance imaging (LCE). The dashed line indicates the line of identity.
left anterior descending coronary artery; LCX  left circumﬂex coro
Table 2. Comparison of Transmural Extent of Hyperenhanceme
Between ECE and LCE on a Regional Basis
ECE
LCE
0% 1%–25% 26%–50% 51%–75% 76%–100%
0% 339 1 0 1 2
1%–25% 0 0 0 0 0
26%–50% 0 0 2 0 0
51%–75% 3 3 12 5 1
76%–100% 12 5 19 50 89
Total 354 9 33 56 92
ECE  early contrast-enhanced cardiac magnetic resonance imaging; LCE  la
enhanced cardiac magnetic resonance imaging.rdium on
was con-
etic reso-
LAD 
narynt
Total
343
0
2
24
175
544
te contrast-artery; RCA  right coronary artery.
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614ent characteristics of sequences (gradient-echo se-
quence vs. spin echo sequence).
D I S C U S S I O N
ECE depicted the hyperenhanced region in the
territory of infarct-related artery in all patients with
reperfused AMI within 4 days after the event. The
hyperenhanced region on ECE extended transmu-
rally and was consistently larger than that on LCE.
Moreover, the percentage area of hyperenhance-
ment on ECE was correlated with the T2W CMR-
derived AAR regardless of transmurality of infarc-
tion. Our data suggests that ECE demarcates not
only the region of infarct, but also the peri-infarct
region, which is injured by ischemia but remains
viable.
Peri-infarct zone on ECE. Mechanisms of hyperen-
ancement in AMI is still in dispute since the
yocardium undergoes a complex healing process
onsisting of edema, inflammation, and replace-
ent of necrotic cardiomyocytes. In the setting of
MI, the size of hyperenhanced regions on CE
maging is reported as being overestimated com-
ared with the true infarct size (6–9). Although it is
resumed that the overestimations could be attrib-
table to older CMR techniques (3) or an incorrect
I (16), our findings using the current standard
Peri-Infarct Zone and Transmurality of Infarct
relation between size of the relative peri-infarct zone on ECE, normal-
rct size, and the mean transmurality score on LCE (r  0.59, p 
reviations as in Figure 1.MR technique and the adjusted TI suggest that Ihe hyperenhanced regions on ECE include sal-
aged myocardium surrounding the acute infarct.
he segmented inversion-recovery gradient-echo
equence used for CE imaging in the present
tudy, which has strong T1 weighting and low T2
ensitivity, supports the conclusion that hyperen-
ancement in the peri-infarct zone on ECE is
adolinium-related.
Even in successful early revascularization, intermit-
ent coronary artery occlusion affects the entire perfu-
ion bed. Ischemic but viable peri-infarct zone under-
oes changes in osmotic colloidal pressure due to
he leakage of plasma proteins (17) and/or the
egradation of the extracellular matrix (18). Ar-
eden et al. (19) found a difference in the fractional
istribution volume of gadolinium among acutely
nfarcted myocardium, peri-infarct zone, and nor-
al myocardium. The distribution volume in the
eri-infarct zone was at the level intermediate
etween infarcted and normal myocardium, and
ncreased significantly with prolongation of isch-
mic period. Hence, the T1 value in the peri-infarct
one would be shorter than that in normal myocar-
ium regardless of imaging time after gadolinium
dministration. Although constant partition coeffi-
ients were found throughout gadolinium clearance
or both normal and acutely injured myocardium in
ats (19), the partition coefficient in acutely in-
arcted myocardium changed over time in a human
tudy, which indicated altered wash-in and washout
inetics of gadolinium (20). Although human gad-
linium kinetics in the peri-infarct zone has yet to be fully
lucidated, the difference in gadolinium kinetics between
he peri-infarct zone and normal myocardium could be
ttributed to the fading of hyperenhancement in the
eri-infarct zone on LCE.
On the other hand, several discrepant reports
ave been previously published (3,21). Rehwald et
l. (3) demonstrated that the gadolinium concen-
ration measured on electron probe x-ray micro-
nalysis did not increase in regions that were at risk
ut not infarcted. Fieno et al. (21) showed that
mage intensities of viable myocardium within the
isk region were not elevated compared with the
ormal myocardium throughout the infarct healing
rocess and irrespective of reperfusion status. There
re several factors that potentially affect discrepan-
ies between our findings and the aforementioned
apers. In the former, the ischemic period for
eversible myocardium (10 or 25 min) and the
anner of contrast administration (continuous in-
usion for 20 min) differed from the present study.Figure 2.
Inverse cor
ized to infan the latter, imaging was performed 30 min after
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615Figure 3. Corresponding LV Short-Axis Slices of T2W CMR, ECE, and LCE
CMR was performed on day 4 in a patient with anterior myocardial infarction (A) and on day 3 in a patient with anterior myocardial infarction (B). The
epicardium is traced in green, endocardium in red, and affected region in yellow. ECE showed transmural hyperenhancement similar to the areas of
increased signal intensity on T2W CMR; whereas, hyperenhanced regions on ECE signiﬁcantly diminished as compared with those on LCE. CMR  cardiac
magnetic resonance; T2W  T2-weighted; other abbreviations as in Figure 1.
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616gadolinium administration. These papers did not
address the issues that occur during the earlier
phase after gadolinium administration. This might
explain, in part, the discrepancies of our findings
from the previous reports.
Comparison of ECE with AAR. Recent reports vali-
dated that T2W CMR performed after AMI can
retrospectively identify the AAR in animal models
(12,13) and humans (14). Irreversible injury of
ischemic myocardium develops as the widely ac-
Hyperenhanced Region on ECE and T2W CMR-Derived AAR
tion between hyperenhanced region on ECE and T2W CMR-de-
(r  0.86, p  0.001). The solid line is the regression line, and
d line is the line of identity. (B) Bland-Altman analysis comparing
derived AAR and hyperenhanced region on ECE. The solid line is
e difference, and the dashed lines represent the bias 2 SD lim-
n the 2 measurements. AAR  area at risk; other abbreviations as
1 and 3.cepted “wave front phenomenon,” which occurs tfirst in the subendocardial myocardium then be-
coming nearly transmural (22). Accordingly, areas
of increased signal intensity on T2W CMR are
usually transmural and larger than the hyperen-
hancement on LCE. In the present study, the
transmural hyperenhancement on ECE regardless
of transmurality on LCE and the relationship be-
tween hyperenhancement area on ECE and T2W
CMR-derived AAR were observed. Moreover, in the
study population with early reperfusion, which has a
positive effect on myocardial salvage, the difference in
hyperenhancement area between ECE and LCE is
large. These findings support the fact that hyperen-
hanced regions on ECE demarcate not only infarcted
myocardium, but also salvaged myocardium.
Clinical implications. To evaluate the efficacy of ther-
apeutic procedures and drugs for AMI, it is clinically
important to measure the size of an infarct, as well as
myocardium at risk. Although single-photon emission
computed tomography imaging with a technetium
perfusion tracer injection prior to acute reperfusion is
a widely practiced technique to determine myocar-
dium at risk in humans (23), there are many draw-
backs to its widespread use. Recent studies have
demonstrated that early imaging after gadolinium
administration can be used for detection of microvas-
cular obstruction (24,25). Our findings indicate that
ECE using the adjusted TI to null normal myocar-
dium can provide the information on both early
microvascular obstruction and AAR. Furthermore,
ECE can be acquired during the waiting time for
LCE, resulting in reduced examination time for
acutely ill patients.
Study limitations. First, the present study was con-
ucted on a relatively small number of patients in
imited cohort. Second, the optimal timing for mea-
urement of ECE to demarcate AAR is unknown.
schemic injury in the peri-infarct zone could be partly
estored between reperfusion to CMR. Third, only 3
hort-axis slices were acquired so that contrast agent
ashout effects were minimized during each CE
maging session. Furthermore, our study protocol
ecessitated T2W imaging and 2 CE imaging ses-
ions, which could be inconvenient for acutely ill
atients. In order to improve patient compliance,
eduction of the number of slices was applied in this
tudy. Fourth, increased slice thickness was used so
hat signal-to-noise ratio was improved. T2W imag-
ng using a turbo spin echo readout with dark-blood
reparation could be limited by a low signal-to-noise
atio or artifact problems due to the long echo time orFigure 4.
(A) Correla
rived AAR
the dashe
T2W CMR-
the averag
its betweehrough-plane cardiac motion (26,27). In addition,
t
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617parallel imaging was employed to speed imaging at the
cost of reduced signal-to-noise ratio. Therefore, in-
creased slice thickness was applied to compensate for
these limitations. Although partial volume effects
could affect the measurement of hyperenhancement,
the comparison of hyperenhancement between ECE
and LCE using the same slice thickness would sup-
port our conclusions. Lastly, T2W imaging was used to
determine AAR as a reference. In the absence of a
reference standard (e.g., microspheres), these issues are
difficult to resolve in the clinical setting.
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